Abstract Integrins are cell adhesion molecules that are composed of an alpha (a) subunit and a beta (b) subunit with affinity for different extracellular membrane components. The integrin family includes 24 known members that actively regulate cellular growth, differentiation, and apoptosis. Each integrin heterodimer has a particular function in defined contexts as well as some partially overlapping features with other members in the family. As many reviews have covered the general integrin family in molecular and cellular studies in life science, this review will focus on the specific regulation, function, and signaling of integrin a2 subunit (CD49b, VLA-2; encoded by the gene ITGA2) in partnership with b1 (CD29) subunit in normal and cancer cells. Its roles in cell adhesion, cell motility, angiogenesis, stemness, and immune/blood cell regulations are discussed. The pivotal role of integrin a2 in many diseases such as cancer suggests its potential to be used as a novel therapeutic target.
Introduction
Cell adhesion is not only essential for all multicellular organisms to interact and coordinate within cell populations but also critical for unicellular organisms to exchange signals with their microenvironment. Adhesion receptors include integrins, the immunoglobulin superfamily, cadherins, cellular adhesion molecules (CAMs), and homing receptors. 1 Among all the cell adhesion receptors, integrins are important for "maintaining the integrity of the cytoskeletal-ECM linkage," as established in the 1970's and 1980's by the seminal data of Erkki Ruoslahti and Richard O. Hynes, the founding fathers of the integrin field. 2 In vertebrates, there are 24 heterodimeric combinations of integrins composed of one of 18 alpha subunits and one of 8 beta subunits (Table 1) . Each of these heterodimers binds to extracellular matrix (ECM) molecules, such as collagen, fibronectin, and laminin. 3 The most common beta subunit in integrin heterodimers is b1, and it can partner with one of 11 alpha subunits (a1-a11) to play important roles in multiple types of cancer due to its contributions to cell migration and stemness. 3 Both subunits of integrins are transmembrane proteins with one ectodomain, one membrane spanning region, and a cytoplasmic tail. Upon activation, they transduce biochemical signals into the cell, through downstream effector proteins, and they can also transmit inside-out signaling information. The difference among various integrin heterodimers consists of ligand specificity and their abundance in particular cell types and tissues.
Dysregulated expression of integrins alters the rates of migration of cells, which is particularly relevant to cancer development and progression. This review will summarize the current knowledge of and exploratory studies on integrin a2 (CD49b). It binds only to the b1 subunit and has a widespread distribution in fibroblasts, endothelial cells, blood cells (such as platelets), and epithelial cells. 4 The role of integrin a2 in diseases such as cancer is still not well defined.
Molecular mechanisms regulating the expression of integrin a2
Integrin a2 (1181 amino acids) is encoded by the gene ITGA2, which is located in chromosome 5 and contains 30 exons (Fig. 1) . The locus of ITGA2 is 32 kilobases downstream of ITGA1, which encodes integrin a1, another collagen-and laminin-binding integrin. 5 The loci of these two integrin genes are the closest integrin-encoding genes within the human genome; however, their expression is cell-specific and they do not necessarily co-express. For example, ITGA1 is selectively suppressed in megakaryocytic lineages, while ITGA2 is not. 5 Expression of ITGA2 can vary by several fold in healthy individuals, and the discrepancy in expression of ITGA2 can be partially explained by the presence of single nucleotide polymorphisms (SNPs), which can alter the transcription rate by altering the affinity for its transcription factors. 6 
Single nucleotide polymorphisms
SNPs can alter human susceptibility to certain diseases. ITGA2 has been found to have SNPs that are relevant to multiple types of cancer as well as blood disorders (Table 2) . Studies in human platelets revealed differences in platelet adhesion between samples of 27 normal subjects by measuring the time required for type I collagen-induced platelet aggregation in platelet-rich plasma. 7 These studies observed differences in a2b1 collagen receptor activity and suggest polymorphisms or variable regulation by another gene product. Research directed by Yann Cheli et al suggests that certain SNPs can enhance the binding of transcription coeactivator complexes to increase transcription of ITGA2. In their research they observed this behavior in a CA repeat polymorphism in the 5 0 -regulatory region of ITGA2, which increased the binding of PARP-1 and Ku80/70 and in turn increased levels of integrin a2b1 in platelets. 8 Evidence suggests that ITGA2 SNPs also play important roles in the progression of cancer. According to a study from Austria comparing 500 breast cancer patients to 500 healthy females, there is a higher incidence of breast cancer in patients who expressed one of the two functional polymorphisms of ITGA2 (1648G > A). 9 Also, a caseecontrol study performed by the same group found that the 807C > T polymorphism was associated with reduced colorectal cancer risk in a cohort of 433 patients. 10 However, a follow-up, 41-month-long study of these patients showed no effects of these SNPs on relapse-free survival or overall survival. 11 Another caseecontrol study showed the expression of ITGA2's 807C > T polymorphism may be associated with an increased risk, poor differentiation, and elevated invasion of gastric cancer, 12 based on 432 blood samples from sporadic breast cancer patients with no synchronous metastasis, 216 of which were from lymph node-positive patients. No correlation was found between the 807C > T and 1648G > A polymorphisms and diseasefree or overall survival of lymph node-positive breast cancer. 13 
Transcriptional regulation of ITGA2
The transcription of ITGA2 is largely driven by SP1, a ubiquitous transcription factor, which binds to 2 tandem recognition sequences in the proximal promoter of ITGA2.
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Other binding regions found in the ITGA2 promoter are the elements for transcription factors AP1 and AP2, 3 GATA boxes for the GATA family of transcription factors, and 4 half-sites for the estrogen receptor. 14 Additional transcription factors have been found to regulate the expression of ITGA2 in different types of cancer, such as FOXL2 15 and b-catenin. 16 A recent finding by the Daiming Fan group suggests that FOXL2 sustains the expression levels of ITGA2 in chemoresistant gastric cells. 15 However, it is unknown if there is a forkhead recognition site for FOXL2 in the ITGA2 promoter. B-catenin also serves as a transcription activator of ITGA2 in certain brain (U87MG), colon (DLD1) and lung (H1299) cancer cell lines, as confirmed by chromatin immunoprecipitation. 16 
Integrin switching
Recent studies have discovered that integrins can switch from one to another in response to cell signaling. The mechanism is not well understood yet, but it has been observed in different types of cancer and it is believed to be a mechanism required to provide metastatic competence. 17 For example, Parvani's research found a compensatory increase in b3 expression when b1 is inhibited. 18 Truong observed the same switch; however, they concluded it occurred through the TGFb-miR-200-Zeb network in triple negative breast cancer. 19 Another example of integrin switching can be observed in the human colon adenocarcinoma cell line, HT-29. In this case, a switch of a2b1 to a3b1 occurs during early stages of differentiation as a response to RhoA activity. 20 Further studies are expected to better elucidate the potential and mechanisms of integrin switching in cancer.
Post-translational regulation
Integrins, like any other cell surface receptors, are subject to many post-translational modifications. Particularly, tumor cells usually exhibit an altered state such as aberrant glycosylation. In the case of integrin a5b1, aberrant glycosylation on the a5 subunit can alter EGFR signaling. 21 Sialylation in integrin a2 is associated with invasiveness and metastatic potential in cancer cells when it occurs at a higher or lower rate than normal. 22, 23 Cleavage of sialic acids from modified surface molecules has been found to increase the adhesion of the triple negative breast cancer cell line MDA-MB-231 to the ECM, although no change in invasion or migration was observed. 23 Sialylation of b1 integrin in colon cells blocks binding to gal-3 and protects them from apoptosis induced by gal-3. 24 Furthermore, changes in glycosylation and sialylation patterns of a2b1 can regulate pancreatic cancer cell adhesion and invasion. 25 Hence, different patterns in post-translational modifications in a2b1 could potentially explain its controversial role in tumor progression.
Structure and ligand binding
Integrin a2 forms heterodimers exclusively with b1, generating the a2b1 receptor. Meanwhile, b1 can form a heterodimer with one of at least 12 different a subunits. Alpha integrins possess a Von Willebrand factor type A domain (or I domain) in the extracellular head of the integrin that is responsible for ligand binding. 26 Beta integrins possess a similar domain (bI domain) that can mediate ligand recognition when the a subunit does not contain the I domain. 3 Therefore, integrin a2b1 ligand recognition occurs mainly at the alpha subunit. The a2 subunit also contains a metal ion-dependent adhesion site called the MIDAS motif, which is also required for ligand binding 27, 28 ( Fig. 2) . Binding of integrin a2 to its ligand is cation-dependent, using divalent cations such as manganese and magnesium. However, this binding is abrogated by calcium. 29 So far, only 4 integrins, a1b1, a2b1, a10b1 and a11b1, are known to be I domain-containing integrins that bind to collagen. The b1 subunit also contains two metal ion-dependent adhesion sites called the MIDAS and ADMI-DAS. The ADMIDAS region contains an inhibitory calcium ion, but when bound to manganese, it leads to a conformational change that represents the active form of the Colorectal cancer ITGA2 807C > T polymorphism was associated with reduced colorectal cancer risk but no effects on overall survival or relapse-free survival. 10, 11 Gastric Cancer ITGA2 807C > T polymorphism may be associated with an increased risk of gastric cancer, differentiation and invasion of gastric cancer. 12 Lymph node positive breast cancer
No correlation of polymorphism with disease-free survival or relapse-free survival. 13 Melanoma Very conserved polymorphisms have small effects in melanoma. 84 Colon cancer Up-regulated. 85 integrin. 3 While the alpha subunits determine the integrin ligand specificity, the beta subunits are connected to the cytoskeleton and affect multiple signaling pathways. 3 It was previously believed that integrins would bind to one specific ligand in the ECM; however, more recent findings have shown that in general integrins can bind to multiple ligands (1) . The most frequently studied ligand of integrin a2b1 is collagen, to which it can bind with high affinity by recognizing the proline-hydroxylated sequence G-F-O-G-E-R in collagen. 26 Other extracellular membrane components such as laminin can also be a ligand of integrin a2b1 26, 30 . Interestingly, a2b1 can also serve as a receptor for viruses such as human rotavirus A and human echoviruses 1 and 8. 31, 32 Integrins are usually present at a high concentration on the cell surface but usually bind their ligand with low affinity. This system allows the cells to dynamically move around instead of being irreversibly glued to the matrix. 33 
Physiological functions of integrin a2

Signaling cascades
Integrins provide a connection between the ECM and the intracellular actin cytoskeleton, which allows integrins to regulate cytoskeletal organization and cellular motility. Commonly, integrins are found in an inactive (bent) state until they become activated by an extrinsic or intrinsic ligand. Integrin activation by ECM components (extrinsic ligands) induces a signaling cascade through focal adhesion complexes leading to changes in proliferation, survival, etc. 33 However, activation of integrins does not exclusively rely on extracellular binding to ECM components. Evidence provided by Calderwood and others suggests that intracellular activation of integrins can occur through the binding of talin to integrin beta tails. 34 In fact, it is believed that inside-out signaling, such as talin activation, increases the affinity of the integrin for ECM ligands. 35 Several proteins can inhibit integrin activation by competing with talin for binding to the b-integrin tail. 36 To describe the signaling of the integrins can be challenging, considering we would have to describe a network of 156 components as elucidated by Geiger and colleagues. 37 However, it is important to mention the key players of integrin signaling, such as focal adhesion kinases (FAKs) and Src family kinases. FAK is recruited in focal adhesions as a response to integrin clustering. Consequently, FAK conducts autophosphorylation and generates docking sites for Src kinases and other SH2 domain-containing proteins. 33, 36 Non-canonical signaling pathways have also been found for certain heterodimers such as integrin a5b3, which recruits Kras and Src to drive cellular reprogramming.
Integrin trafficking has become an important area of study. Integrins are endocytosed through clathrin-or caveolin-mediated routes and undergo endosomal sorting that determines degradation or recycling of the receptor. Research has shown that integrins are constantly recycled back to the membrane to provide a constant renewal of the pool 38 ( Fig. 3) . However, a specific and detailed understanding of the signaling and cycling of integrin a2b1 has not yet been attained.
Proteoglycan ligand-mediated angiogenesis
Proteoglycans, a major class of molecules found in the ECM, can modulate the function of integrins. Modulation of a2b1 by the proteoglycans decorin and perlecan has been found to have important roles associated with angiogenesis, which is a process of new blood vessel formation that benefits tumor growth. 39 Decorin, a small leucine-rich proteoglycan, is expressed only in sprouting endothelial cells, but its role in angiogenesis is controversial, with evidence for both enhancement and inhibition of tube formation. 40 In a study led by Fiedler, decorin enhanced a2b1 integrin-dependent endothelial cell adhesion and migration on fibrillary collagen I. 40 It was concluded that decorin allosterically modulates the integrin a2b1-collagen I interaction. 40 Additionally perlecan, a heparin sulfate proteoglycan, can bind to a2b1 via its C-terminal fragment, called Figure 2 Protein model of integrin a2 domain I binding to collagen. The crystal that was used for determination of the structure grew in Co 2þ ion, which supports collagen adhesion in vitro. The domain I is circled. Figure 3 Canonical pathway for a2b1 signaling. Upon collagen or laminin binding to integrin a2b1, a series of signaling events occur to promote survival, proliferation, migration, and invasion. Integrins are often recycled to provide a refreshed pool of integrins to the surface membrane.
endorepellin. 39 The terminal globular domain of endorepellin, LG3, interacts directly with the a2 I domain. 39 Endorepellin potently inhibits angiogenesis by exerting a dual receptor antagonism by simultaneously engaging VEGFR2 and a2b1 integrin. 39 As a result, endorepellin causes disassembly of the actin cytoskeleton and focal adhesions. This type of modulation is important to control the tumor angiogenesis that can be promoted by a2b1 41 .
Cell migration
Integrins mediate cell migration, and they have been found to play a role in tissue regeneration and repair. However, integrins can also be harmful by enhancing cancer cell migration and other disorders. Optimum speed of cellular migration occurs at intermediate levels of expression of a2b1 or intermediate concentrations of ligand, 42 therefore an alteration of these concentrations can alter cell migration speed. Cell migration mediated by integrin a2b1 has been shown to play a prominent a role in multiple types of cancer, such as melanoma. 30 Melanoma cell lines that showed weak attachment and low cell migration were compared to melanoma cell lines that had a high cell migration and attachment capacity. 30 The cell lines with the enhanced migration were blocked with monoclonal antibodies for b1 and a2 and showed an inhibition of migration. In contrast, monoclonal antibodies blocking a3 and a6 did not inhibit the migration phenotype. 30 Yoshinaga et al confirmed in their studies that the a2 subunit has a significant contribution to the motility of metastatic melanoma cell lines. 43 
Stem cells and differentiation
Stem cells are multipotent cells that are capable of selfrenewal, proliferation, and differentiation. Studies have found that, within a tumor, a subset of cancer cells is capable of self-renewal and limited differentiation, termed cancer stem cells (CSCs). Each type of stem cell, normal or cancer, displays particular markers that help identify them in a tissue-dependent manner. CSCs in a tumor are considered responsible for therapy resistance, tumor recurrence, and metastasis. 44 Therefore, it is of clinical relevance to understand the stem cell properties (stemness) and differentiation of normal stem cells and CSCs in multiple tissue types, thereby identifying possible targets for disease treatments.
Integrin a2 plays a role in cell differentiation. It is one of the surface markers of luminal progenitor cells of human and mouse mammary glands, 45, 46 while luminal differentiated cells do not express this integrin. 47 Integrin a2 is considered a mesenchymal stem cell marker of cells isolated from the bone marrow 48 and has been found to be highly expressed in umbilical cord blood-derived mesenchymal stem cells that were identified by flow cytometry. 49 Uterine leiomyoma, the most common benign tumor in reproductive-age women, is characterized by highly elevated expression of integrin a2. This particular population of cells also highly co-expresses KLF4, NANOG, SOX2, and OCT4, which are known markers of self-renewal. Furthermore, the in vitro colony formation capacity of integrin a2-positive cells, as well as the in vivo tumorregeneration ability, confirmed it as a marker for uterine leiomyoma progenitor cells. 50 In addition, integrin a2b1 is a marker of normal human prostate stem cells, and it is also enriched, along with CD44, in prostate CSCs. 51 Although integrin a2 has been identified as a marker of stemness, it is not a universal marker of cancer stemness across all types of cancer. Instead, integrin b1 has been recognized widely as a stemness marker and a CSC marker across multiple types of cancer and in dimerization with multiple alpha subunits. 52e55 
Blood and immune system
Integrin a2b1 mediates adhesion of platelets to multiple collagen types, which induces platelet aggregation. 7 Furthermore, integrin a2b1 is present in many other immune cells such as mast cells, neutrophils, and a subset of T cells. 56 Data suggests integrin a2b1 is required for innate immunity and regulation of autoimmune disorders. For example, integrin a2b1 is required for mast cell activation after infection with Listeria, which in turns activates cytokine secretion. 57 Integrin a2 is also one of the markers used to identify CD4þ type 1 T regulatory (Tr1) cells. 58 Identifying these Tr1 cells has been a challenge due to their lack of surface markers, but it is essential to identify them, since they show strong immunosuppressive activity. 58 Collagen binding to integrin a2b1 promotes survival of malignant T cells in acute lymphoblastic leukemia 59 and has been found to promote neutrophil recruitment and mediate inflammation of diseases such as colitis. 60 
Knockout mouse models of integrin a2
Integrin a2-deficient mice develop normally and are fertile, but display partially defective platelet interaction with collagen 61 and diminished branching complexity of the mammary glands. 62 Although a2b1 integrin-null mice show no alteration in either vasculogenesis or angiogenesis, adult mice show an enhanced angiogenic response during wound healing and tumor xenograft development. 56, 62 Similarly to integrin a2 knockout models, integrin aIIb knockout models are also viable and fertile and show defective platelet aggregation, demonstrating a similar importance in platelets. 63 In contrast, mutant mice that cannot make b1 integrins die at implantation, demonstrating a more essential role of b1 and a more challenging therapeutic target compared to a units, the loss of which might be compensated by other factors. 33 Role of integrin a2 in diseases Intrinsic role of integrin a2 in cancer cells
Integrin a2b1 was identified as a prostate basal marker after evaluation of multiple prostate cancer cell lines, 64 and other groups have identified it as a prostate cancer stem cell marker along with integrin a6. 51, 65 Integrin a2b1 has been found to promote the growth of prostate cancer cell line LnCaP within the bone 66 and to promote its invasion through RhoC GTPase 67 (Fig. 4) . Skeletal metastasis is frequently the cause of death of prostate cancer patients, and hence reducing the expression of integrin a2 in this particular type of cancer is potentially an ideal therapy. 68 Integrin a2b1 has also been implicated in metastasis promotion in multiple other types of cancer. For instance, in mouse models of melanoma, colon, and breast cancer, blockage of integrin a2 diminished metastasis to the liver. 69 In hepatocellular carcinoma, integrin a2 has been found to activate YAP oncogenic signaling, and clinical data correlates it with a worse prognostic outcome. 70 However, the mechanisms are yet to be elucidated.
Stromal integrin a2 in angiogenesis
When mice lacking integrin a2b1 are challenged with melanoma cells (B16F10), it results in increased tumor angiogenesis. The endothelial cells in the a2-null mouse model show up-regulated expression of VEGFR1. The angiogenesis effect occurs as a result of the high expression of growth factors VEFG and PLGF 41 ( Fig. 4 ). According to this study, the regulatory function of integrin a2 in cancer is partially carried out in the microenvironment, in stromal and endothelial cells.
Complex role of integrin a2 in breast cancer
Integrin a2b1 has been shown to play a role in breast cancer, although it seems to be complex. In a study in which 124 tumor samples and 33 matched adjacent tissue samples from breast cancer patients were stained for multiple stemness markers, it was found that integrin a2 was strongly stained in the tumors, associated vessels, and ducts, but weakly stained in the background or normal epithelia. A significant association was found between loss of expression of the a2 subunit (quantified by qPCR) and metastatic disease, such as increased tumor nodal status. 71 In vivo studies crossing the a2 integrinenull mice with transgenic mice carrying the MMTV-c-neu oncogene demonstrated that integrin a2 works as a metastasis suppressor. 72 However, it remains unclear if the phenotype is caused by the deficiency of a 2 b 1 integrin in tumor cells, endothelial cells, or both. Of note, b1 has been shown to be a pro-metastasis integrin in breast cancer. 19 Research lead by Haidari discovered that the b1 of integrin a2b1 phosphorylates vascular endothelial cadherin in endothelial cells upon induction by invasive breast cancer cells. 73 Tyrosine phosphorylation of vascular endothelial cadherin has been implicated in the disruption of endothelial cell adherens junctions and in the diapedesis of metastatic cancer cells. These studies suggest that invasive breast cancer cells activate integrin a2b1 to promote transendothelial migration. 73 
Potential therapeutics targeting integrin a2
Several experimental inhibitors of integrin a2 have a sulfonyl group. The sulfonyl group is essential for a2b1binding. Replacing the sulfonyl group of an experimental inhibitor of Figure 4 Roles of integrin a2b1 in multiple types of cancer. Top panel: Melanoma cells that produce high levels of VEGF and PLGF can stimulate endothelial cells of a2-null mice, which have increased VEGFR1 to stimulate angiogenesis. 41 Right panel: Ovarian cancer cells that express high levels of EGFR can block integrin a2b1 signaling by increasing its internalization. 86 Left panel:
In prostate cancer, a2b1 promotes invasion by RhoC GTPase expression. 66 Bottom panel: Absence of a2b1 in the stroma of host mice promotes spontaneous metastasis of transgenic c-neu oncogene-initiated breast cancer.
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a2b1 with a carbonyl group reduced the potency 600-fold.
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E7820 is a novel sulfonamide derivative that inhibits integrin a2 and can be taken orally. 75 E7820 has undergone several clinical trials, including a phase II study in combination with cetuximab (an EGFR inhibitor) in subjects with metastatic and refractory colorectal cancer. 76 So far, a single prolonged partial response has been observed in a KRAS-mutant patient; however, this study did not meet its primary endpoint of objective response rate 76 and further results have not been published. E7820 was also used in combination with erlotinib in preclinical studies to overcome therapy resistance in non-small cell lung cancer. The study was performed with cell lines that are resistant to erlotinib and showed a synergistic antitumor effect in xenograft models 77 by decreasing microvessel density and enhancing apoptosis of tumor-associated endothelial cells.
Bufalin, a component of traditional Chinese medicine, has been found to induce apoptosis in several types of cancers. 78, 79 Interestingly, it has been found to suppress cervical cancer tumorigenesis and to enhance paclitaxel therapy by suppressing a2/FAK/AKT1/GSK3b signaling. 80 Furthermore, a component in snake venom called aggretin can bind to integrin a2b1. 81 A synthetic aggretin polypeptide successfully reduced endothelial angiogenesis by blocking integrin a2b1. 82 Other toxins derived from snake venom and successfully extracted by affinity chromatography have also been shown to inhibit integrin a2b1. 83 Another modality by which to potentially target integrin a2 would be through neutralizing antibodies, demonstrated to be effective by in vivo studies of inflammatory bowel disease. 60 In summary, there are multiple routes by which to develop viable therapies to suppress integrin a2 in cancer.
Conclusion
Integrin discoveries have occurred over a long time, and the field remains in constant growth. As the roles of integrins in diseases are revealed, we are challenged to attain a better understanding of the mechanisms and signaling particular to each heterodimer, as well as each subunit of various heterodimers. For example, b1 has been identified as a breast cancer stem cell marker; however, it is not known if this mechanism is mediated by a particular a subunit, as b1 binds to many a subunits. Therapeutic treatments could be made more specific by targeting individual a subunits depending on the specific context. Meanwhile, the potential overlapping or compensating roles of a subunits need to be clarified and considered. In this review, we have summarized the current understanding and complex role of integrin a2 in multiple cell types and disease settings. The role of integrin a2 varies according to cell context, cancer type, and other aspects such as SNPs and post-translational sialylation. Specific targeting of integrin a2 in defined cell types and diseases seems a desirable approach in order to improve clinical outcomes. Further understanding of these mechanisms could unravel new therapeutic opportunities.
